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Abstract. Seasonal and spatial variations in foliar nitro- effective N re-translocation (beech), higher foliage longevity
gen (N) parameters were investigated in three Europealrfir) or both (boreal pine forest). In combination with data
forests with different tree species, viz. beeBadus sylvat-  from a literature review, a general relationship of decreasing
ica L.), Douglas fir Pseudotsuga menzie¢Mirb.) Franco) N re-translocation efficiency with the time needed for canopy
and Scots pineRinus sylvestri&.) growing in Denmark, the  renewal was deduced, showing that leaves which live longer
Netherlands and Finland, respectively. The objectives weree-translocate relatively less N during senescence. The Dou-
to investigate the distribution of N pools within the canopies glas fir stand, exposed to relatively high atmospheric N depo-
of the different forests and to relate this distribution to factorssition, had by far the largest peak summer canopy N content
and plant strategies controlling leaf development through-and also returned the largest amount of N in foliage litter,
out the seasonal course of a vegetation period. Leaf N poolsuggesting that higher N fertility leads to increased turnover
generally showed much higher seasonal and vertical variin the ecosystem N cycle with higher risks of losses such as
ability in beech than in the coniferous canopies. However,leaching and gas emissions.

also the two coniferous tree species behaved very differently
with respect to peak summer canopy N content and N re-

translocation efficiency, showing that generalisations on tree

internal vs. ecosystem internal N cycling cannot be made orit  Introduction

the basis of the leaf duration alone. During phases of inten- )

sive N turnover in spring and autumn, the [idoncentra- F(_Jrests cover 44 % of the land area in Europe (FAO, 2006).
tion in beech leaves rose considerably, while fully developedN'trogen (N) fluxes and turnover in forests are therefore rel-
green beech leaves had relatively low tissue/Niimilar ~ €vant for biogeochemical cycling of N in Europe (Sutton et
to the steadily low levels in Douglas fir and, particularly, in @l-» 2011). Forest ecosystems are generally considered to be
Scots pine. The ratio between bulk foliar concentrations ofadapted to N limitation rather than to N excess (Vitousek and
NH; and Hf, which is an indicator of the Niiemission po- Howarth, 1991; Rennenberg e.t.al., 1998; Aerts,. 1996; Xia
tential, reflected differences in foliage N concentration, with @hd Wan, 2008). Due to deposition of atmosphericsNiHe
beech having the highest values followed by Douglas fir andcritical N load for European forest ecosystems is often ex-
Scots pine. Irrespectively of the leaf habit, i.e. deciduous verceeded (Cape et al., 2009; Pinho et al., 2012). This may in
sus evergreen, the majority of the canopy foliage N was refurn lead to elevated concentrations oflilland organic N

tained within the trees. This was accomplished through arfompounds in the trees and to blldmission events (Ren-
nenberg et al., 1998; Fowler et al., 2009). The physiological
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1000 L. Wang et al.: Interactions between leaf nitrogen status and longevity

drivers controlling the direction and magnitude of NEix- conifer forest in Central Finland with low N pollution. Dif-

change between trees and the atmosphere are not well eferent N parameters such as chlorophyll, N concentration per

tablished. For this reason, more information about seasonalnit dry matter, C/N ratio, soluble I\Q’-l H*, and the N con-

changes in plant N status and turnover is required to improveent per unit projected leaf area were measured in order to

modelling of NH; exchange over forest ecosystems (Massadobtain information on the relation to G@ssimilation, tree

et al., 2008, 2010). and ecosystem internal N cycling, and potential forg\#t-
Even under conditions with high atmospheric N deposi- change with the atmosphere.

tion loads to forests, internal N fluxes between the trees and

the soil (ecosystem internal cycling) and within trees (tree in- ,

ternal cycling) are generally larger than the external N fluxes? Materials and methods

associated with leaching and gaseous emissions (Gunders . I . .

et al., 1998; Nadelhoffgr et a?., 1999). Ecosyster(n internal(azr']1 Site description and sampling of plant material

N cycling takes place via processes such as litter producthe eyperimental sites included a Danish beech forest, a

tion, mineralisation and root uptake, while tree internal N p,ich Douglas fir forest and a Finnish Scots pine forest. De-

cycling occurs via assimilation, re-translocation and storaggtai|s of the three localities are given in Table 1. The mean

By these processes, large amounts of N are kept plant availnn 5 air temperatures in the experimental years were 9.2
able in the system and are being moderately protected againgt,q g8 & C for the beech forest (2008-2009); 10.2, 10.2 and

immobilisation in stabile soil organic compounds or l0ssesg 7o¢ for the fir forest (2008-2010): and 3.2 and IO

via leaching and gaseous emission. Nitrogen in the ecosysy, the pine forest (2008-2009) (Fig. 1). The correspond-

tem internal N cycle is more prone to become lost than N i”ing precipitation values were 794 and 703 mm: 825, 735 and
the tree internal cycle, although foliar N may contribute t0 765 mm: and 903 and 496 mm (Fig. 1).

NH3 emission in fertile systems under conditions with low

atmospheric N concentrations (Wang et al., 2011). N components differed substantially among the sites. The
Internal N re-translocation and cycling patterns in treesaverage atmospheric Nftoncentration at the Dutch Dou-

are seasonally programmed and closely linked to tree pheg|as fir site was much higher (3.9 ug M m—3) than at

nology. For instance, in deciduous trees, leaf N tends t0 b,a panish beech forest site (1.3pg NNm—3) and at the
translocated into the woody roots and/or the trunks befores;,nish pine site (0.1 ug NgHN m~3). The NH; concentra-

leaf fall, to support tree growth in the following spring. In tjons were measured with denuders at the sites and are an-
evergreen trees, N stored in previous-years leaves can nougya) averages from monthly integrating samples (Flechard et
ish new leaf growth and, especially in most conifers, the 51 5011). The dry deposition of total inorganic N via gasses
youngest age class of needles are the main sites of N storagg, 4 particles was estimated to be 30, 15 and 4 kg e .

(Millard and Grelet, 2010). In N-limited forests, trees face a ¢, the forest sites in the Netherlands, Denmark and Finland,
relatively high selection pressure to balance the N eC°”°m¥espectiver (Flechard et al., 2011).

with acquisition, retention and remobilisation (Pearson etal., | aaves and needles were collected once or twice per
2002). Knowledge about interaction between foliar N status.,onth in 2008 and 2009 from the top (representing sun

and N re-translocation efficiency in tree species differing in o ches) and base (shade branches) of the crowns of 4 sam-
leaf longevity is still limited. _ ~ . ple trees. In addition, monthly samples were taken in the fir
It can be hypothesized that the vertical N distribution o reqt in 2010. The needle samples were collected to obtain
within deciduous canopies is more closely related to the ac representative mixture of different age classes. All plant
tual needs for photosynthesis than is the case for Ionger-livegammes were quickly weighed and frozen in liquid nitrogen

conifer needles and that the proportion of tree internal N rupon sampling. Representative subsamples were lyophilized
translocation in general will be larger in deciduous canopiesy; gven dried at 76C.

than in coniferous canopies. Along with this it will be ex-

pected that N pollution may lead to an opening of the Ncy-2.2 | eaf analyses

cle, i.e. increase the importance of ecosystem internal over

tree internal N cycling with the consequence of higher prob-Chlorophylla (Chl a) and chlorophyllb (Chl b) concentra-
ability of N losses via leaching and gaseous emissions. Oriions in the leaves and needles were measured because these
this background, the objective of the present work was toparameters are useful indicators of the physiological activity
investigate the distribution of N pools within the canopies and degree of senescence. Extraction of chlorophyll was car-
of different forests and relate this distribution to factors andried out by use of methanol for beech leaves, while dimethyl
plant strategies controlling leaf development throughout thesulfoxide (DMSO) was used for coniferous needles. For anal-
seasonal course of a vegetation period. The experimentalsis of bulk tissue NE{I concentrations and pH, frozen leaves
sites included a deciduous and a coniferous forest situatedere ground in 10 mM formic acid or milli-Q water, respec-
in strong and medium N polluted areas in temperate Européively. NHjlr was analyzed using fluorometric detection after
(the Netherlands and Denmark, respectively) together with aerivatization witho-pthaldialdehyde by FLUOstar (BMG

It is important to note that the pollution with atmospheric

Biogeosciences, 10, 999611, 2013 www.biogeosciences.net/10/999/2013/



L. Wang et al.: Interactions between leaf nitrogen status and longevity 1001

Table 1. Overview of site characteristics of the three investigated European forests (see alo Skiba et al., 2009).

Ecosystem Location Altitude Soil Species Annual Annual Age/height Leaf
(m) precipitation temperature/ of trees area
(mm) (T > 10°C) index
Deciduous Soro, DK 40 Oxyaquic  Beech Fagus 730 8.6 (161d) 90yr/25m 4.6 Pilegaard et
broad-leaved (55°29' N, hapludalf  sylvatical.) al. (2011)
forest 11°38'E)
Evergreen Speulderbos, NL 52 Orthic Douglas fir 900 9.4 (173d) 46yr/32m 5 Su et
coniferous (52°15' N, podzol (Pseudotsuga al. (2009)
forests 5°45 E) menziesii
(Mirb.) Franco)
Hyytiala, FI 181 Haplic Scots pine 709 2.9 (116d) 46yr/1ém 4.8 Launiainen
(61°50'N, podzol (Pinus sylvestris (2010)
24°17 E) L)

Abbreviation; DK — Denmark, NL — the Netherlands, FI — Finland.

LABTECH, Germany). For bulk tissue pH measurements,diameters at 1.3 m and tree heights as input (Repola, 2009):
0.2 g of leaf tissue was homogenized in a mortar on ice using
2 ml of deionized water with a little sand. The homogenateNc = NconcMc. ©)

was centrifuged at 14 000 g {€) for 10 min, and pH in the i i i
The N re-translocation, R in beech was estimated as the

supernatant was measured with a microelectrode (Metrohm, ) :
Herisau, Switzerland). product of the measurefia; and the difference in N content

The NHs emission potential of bulk tissue extract was es- PEF Unit leaf area in summer and that of fallen leaves:
timated based on the paramelgmwhich is defined as

Ry = Iiai (Nig—Nyy,). 4)
+
— [NH, ] , 1) In the conifer stands, the fallen needles were separated from
[H+] the rest of the litter. The annual dry mass of green and ac-

tive needles that were shed later in a year was estimated as
where [NH;] and [H"] are the NH concentration and the ratio of the measured amount of needle litter production
the proton concentration ([ =10"P") in the extracts, (L)and a published mass loss factay{ between green and

respectively. brown needles (1/1.49, Helmisaari, 1992). This needle mass
was then multiplied with the differences in N concentration
2.3 Calculation of canopy N content and between green and brown needles. From mass balance equa-
N re-translocation from senescing leaves tions andL, the mass loss factor for the Dutch fir forest was
and needles estimated to be 1/1.48, i.e. very similar to that of pine.

The canopy N content Y, i.e. the N content of the leaves
or needles per unit ground area, was calculated as the pro
uct of the measured leaf area inddxy() and the average

L
CP—N = m (Nconcs - Nconq,\,)- (5)

N content per unit projected leaf area(Nising measured In the above calculanons_ |_t was assumed that the average
leaf N contents were sufficiently well approximated by the

N concentrations per unit leaf dry mattergNo and spe- ; : , =1 O
cific leaf areas4 s a) from beech leaves (30 and 13 kg ! two layers which were investigated in this study. In summer
2005, the vertical Nconcentration profile in the experimen-

for leaves in canopy top and base, respectively) and Dou* ) ) ) )
glas fir needles (79 and 54rkg~ for canopy top and base, tal beech forest was investigated in relation to the cgmulated
respectively), i.e. leaf area above the sampled leaves. Based on this, a more

complete calculation of Nwas performed. The difference
between the multilayer estimate and the one using the top-
(2) most and the lowest layer as predictor for the average N
Asta amounted to only 1%. The data of Meir et al. (2002) that
For the boreal pine stand,cNvas calculated as the prod- included vertical N .distributior_ls in canopie; from 5 d.iffer—
uct of average needle N concentration.g\; mass N per ent forest tree species were with one exception, oak, linearly

unit dry mass) obtained in the present study and estimatef€!ated with height. Unfortunately Meir et al. (2002) did not
canopy needle dry massel, i.e. 612 g nt2) that were de- mention the vertical leaf area distribution, and thus a similar

rived from biometric relationships based on measured trunkluantitative test as above could not be performed.

Nconcl
Ne=Ni/a = conc/LAI
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1002 L. Wang et al.: Interactions between leaf nitrogen status and longevity

120 30 by a strong decrease in chlorophyll concentration and a sub-
: Temperature sequent sharp reduction of the GIChl b ratio. (Fig. 2-A2).
0 ” i L 20 The chlorophyll concentration as well as the G#ChI »

W in the evergreen trees remained constant throughout the sea-
sons (Fig. 2-B1, B2 and C1, C2). In general, the chlorophyll
concentration at the canopy base was larger than that at the
canopy top in both deciduous and coniferous trees.

mmmm Precipitation

Precipitation (mm)
Temperature (°C)

b 10 3.2 Total nitrogen and carbon concentrations

| |10

Precipitation (mm)
Temperature (°C)

Precipitation (mm)
Temperature (°C)

b 20 The seasonal pattern of foliar dry matter N concentration dif-
fered among the two leaf habits (Fig. 3-Al, B1 and C1).
The highest N concentrations were observed in beech leaves,
120 30 peaking at about 3.5% in very young leaves and thereupon
steadily declining down to around 1% in senescent leaves.
100 1 | ‘ﬂ w— Precipitation | | \‘ | L 20 Beech leaf senescence started earlier and the reduction in
KN W I N i d faster in | in th f th
| N' ;ML ﬁ M'u iy ”\ concentration progressed faster in leaves in the top of the
8 N I le m Aﬂ ‘ canopy, i.e. sun crown leaves, compared to leaves at the base,
o W \ W W i.e. shade crown leaves (Fig. 3-Al).
Y u Hw W J' il The N concentrations in Douglas fir needles did not show
0 W W any seasonal trend but varied randomly between 1.5 and
v I 2.2%. In the Scots pine needles, the N concentration in-
20 10 creased steadily from around 1% to 1.3 % over the summer
period and thereafter gradually declined over the following
winter and spring. The beech and Scots pine canopies had
slightly larger N concentrations at the canopy base compared
to the top, while the Douglas fir trees had similar N concen-
trations in both canopy layers. The midsummer N concentra-
tion was largest in beech leaves (2.5 %) compared to Douglas
fir (2.0%) and the boreal pine (1.5%). The mass ratio be-
tween C and N was relatively low, around 11, in very young
beech leaves, but increased dramatically to above 40 during
senescence, reflecting N re-translocation from the senescing
beech leaves into the tree (Fig. 3-A2). Douglas fir needles
had a relatively constant C/N around 25 (Fig. 3-B2, Table 2),
while Scots pine needles during most of the season had val-
ues above 40 (Fig. 3-C2), i.e. more than 10 % higher than the
C/N ratio in the beech leaves that were shed from the trees in
the autumn. Beech leaves had the lowest N content per unit
surface area and showed a progressive decline compared to
needles of fir and pine, which showed little seasonal varia-
F_ig_. 1._ Seasonal variatione of air temperature (grey line) and pre-tjgn (Fig. 3-A3, B3 and C3). The vertical variation in beech
cipitation (black columns) in the Danish beech forest from 2008 t0|,4\05 was strongest with shade leaves containing only 50 %
tzhoeogéfgérgiggtga E?Oﬂgﬁirgrniozrgggtrgn;é%@ to 20(8) and ofthe N per unit leaf area compa_red to the sun crown leaves.
Douglas fir shade needles contained 2.3 g™\ mvhich was
32% less than the sun crown needles with approximately
3 Results 3.4gNn2. In con_tra_st, the N content in pi_ne_ needles (about
3.3gNn12) was similar at both heights within the canopy.

3.1 Chlorophyll in leaves and needles

3.3 Bulk tissue NH} and ratio between NH} and H*
Both the chlorophyll concentration and the GIChI b ratio (T value)
in beech increased steeply (Fig. 2-A1 and A2) during the first
half of the vegetation period (May to August), far beyond the Surprisingly high bulk tissue N]{:I concentrations, 10 mM in
leaf expansion phase, which lasted only until June. Senesthe top canopy leaves, were measured in very young beech
cence started at the end of September and was accompaniéhves sampled in the canopy top just after bud break. In fully

Biogeosciences, 10, 999611, 2013 www.biogeosciences.net/10/999/2013/
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Fig. 2. Seasonal variations in leaf chlorophydl ¢ ) concentrations and chlorophyllb ratio in beech leaves (A1-2), Douglas fir needles
(B1-2), and Scots pine needles (C1-2).
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Fig. 3. Seasonal variations in tissue N concentration per unit dry matter (upper panels), C/N ratio (mid panels) and N content per unit
projected fresh leaf area (lower panels) of beech leaves (A1-3), Douglas fir needles (B1-3) and Scots pine needles (C1-3).

developed green leaves, bulk tissuej\llevels were rela- Bulk tissuel" (Fig. 4-A3, B3 and C3), i.e. the ratio be-
tively low (around 0.5-1.0 mM) but increased during senes-tween tissue concentrations of JHFig. 4-A1, B1 and C1)
cence (Fig. 4-Al). Tissue I\Q'-|concentrations in Douglas and H" (Fig. 4-A2, B2 and C2), was calculated as a simple
fir needles were on average around 1.3mM in base needlesdicator for comparison of Nglexchange potential among
and 0.8 mM in top needles, except for the first summer pe-the different tree species. The seasonal variation whlues
riod, where lower values were recorded (Fig. 4-B1). Scotsin beech leaves paralleled that of bulk tissue kdther than
pine needles had I\Q’-|concentrations around 0.4mM, in- that of NHjlr concentration. Consequently, due to low pH in
creasing to about 0.6 MM during the summer period, butthe young beech leaveB, values also turned relatively low
showed smaller seasonal variation than the other two specig200-400). Beecl’ values peaked at around 400-500 dur-
(Fig. 4-C1). ing late summer, but decreased again to around 200 during

www.biogeosciences.net/10/999/2013/ Biogeosciences, 10, H20L-2013



1004 L. Wang et al.: Interactions between leaf nitrogen status and longevity

Table 2.Leaf, needle and canopy properties, N re-translocation and N litter fluxes in three different forests estimated for the year 2009.

Sorg Speulderbos Hyyila

Temperate Temperate Boreal
European  Douglas Scots

beech fir pine
C/N in green leaves (June—August) 19 25 43
C/N in brown leaves (fallen) 38 31 103
Average leaf longevityaverage time span of complete canopy renggya) 0.5{1} 2.6{2.6 2.7{2.7}
Peak summer canopy N conteng (¢ N m-2) 6.2 24 7.0
N flux in total aboveground litter productiofie (g N m—2yr—1) 7.3 6.8 1.6
N flux in foliage litter production (g N m2yr—1) 1.8 5.8 0.8
N re-translocation by the trees, (g Nm—2yr—D 4.4 3.4 1.9
N re-translocation efficiency (% yrfl)b 70 37 71
N re-translocation by the trees per unit ground area (94 yelative to Ny) 70 14 27
N flux in the production of new leaves (%t relative to N, 100 38 38
N uptake for the production of new leaves (% yrrelative to N,) 30 24 11

22009 was a mast year. Fluxes were 36 % and 60 % higher than in normal years for C and N, resd%mimgranslocation relative to the N content of
fallen leaves when they were green in the summer.

senescence (Fig. 4-A3). This decline occurred in spite of indarger than that in the two other forests, which had very sim-
creasing Nlj concentrations due to a substantial decrease irilar N values despite their different leaf habits (Table 2).

bulk tissue pH (Fig. 4-A2). The ratio between tree internal N cycling, i.e. N re-
The coniferous trees exhibited much lowewralues than  translocation £j, Table 2) and ecosystem internal N cycling,
beech (Fig. 4). Douglas fir showed clear differences iral- i.e. the N flux in total aboveground litteF§, Table 2), was

ues between needles in the top and at the base of the canomalculated as 60 %, 50 % and 119 % for the beech, the fir and
The largest” values, fluctuating between 20 and 120, werethe pine forests, respectively. In the beech forest, intensive
recorded in the base needles due to higheE{dencentra— fruit production increased the N flux in the litter by 60 %
tions and lower H (higher pH). In the top layef; in Dou- compared to normal years. In such normal yegifd;. would

glas fir needles consistently remained very leslQ in most  most probably be higher. The fractidfy Fe depended on the
cases). Scots pine showed only moderate differencds in combined effects of the amount and longevity of leaves in
values between needles in the top or at the base of the canopglation to the rate of litter production from structural and
(Fig. 4-A3). In both layers, th€ values reached a minimum reproductive plant material. All these factors differed across
of around 10 during late summer and increased to around 4the investigated forests. The forest with the lowest N status

during the winter and spring. had the higheski/Fe.
The absolute amount of N re-translocatio#i,( Ta-
3.4 Canopy nitrogen content, N re-translocation and ble 2) was similar for the two temperate sites (4.4
foliar litter production and 3.4gNm?yr—1), despite their contrasting leaf habit

] ) ] o and N, while the boreal site re-translocated much less
The foliage N concentration data obtained in this study wer 1.9gNnT2yr-1). In relative terms, this picture changed

combined with field data from the investigated forest sites i”completely. The fraction of N re-translocation relative to the
order to obtain information on N cycling in the tree stands jyjia| N content in the green leaves, or in other words the N
and in the ecosystems (see Sect. 2.3). Table 2 gives ap, yransiocation efficiencyyf), was lowest in the Douglas fir
overview of_how the C/N ratio differed between the green gi54 (37 %) but similar for the temperate beech (70 %) and
and fully active leaves/needles and the brown senescent 0oneg,e poreal pine stand (71 %). The contrasts between the sites
The change in foliar N content was used to calculate leaf Npecame even more obvious when N re-translocation was re-

stocks and fluxes on ecosystem scale. During senescence tfi§q to N, i.e. the peak summer canopy N content, showing
C/N ratio increased by 24 % to 140 % of the summer value., 5| ,es of 70, 14 and 27 % for beech, Douglas fir and Scots
The reduction in N concentration is primarily caused by treepine’ respectively (Table 2). Assuming steady state ofN
internal N re-translocation, although other processes may poge time scale of a few years, the proportion qftNat was

tentially contripute (see further discuss.ion in Sect. 4.3).. invested in new leaves during year 2009 was estimated to be
Very large differences between the sites were shown inthe 5o 38 and 38% in beech, Douglas fir and Scots pine, re-

values for peak summer canopy N conteny,(Rable 2). The  gpectively (Table 2). This N investment in new foliage is by
N content of the temperate Douglas fir canopy was 3—4 times

Biogeosciences, 10, 999611, 2013 www.biogeosciences.net/10/999/2013/
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Fig. 4. Seasonal variations in bulk tissue Ijll-d:oncentration, pH and tissuein beech leaves (A1-3), Douglas fir needles (B1-3) and Scots
pine needles (C1-3).

definition strictly related to the Nand the average longevity of soil N availability (Santa-Regina and Tarazona, 2001). The
of leaves or needles. A proportion of this investment is cov-N re-translocation efficiency was about 55% and 76 % for
ered by formerly re-translocated N, but an additional amounteaves at the canopy base and top of the beech trees, respec-
needs to be taken from either external N uptake or tree intertively. Similar values have been observed for beech trees at
nal reorganisation of N reserves. The resulting additional Ndifferent sites in the Netherlands (Staaf, 1982) and in Japan
uptake, which is numerically identical to the N flux in foliage (Yasumura et al., 2005). Beech leaves at the top and the base
litter production, ranged between 11 % and 30 % gfiiith of the canopy started the growing season with similar dry
beech having the highest and pine the lowest value (Table 2)matter N concentrations, whereupon the base leaves attained
higher N concentrations during summer and autumn, reflect-
ing higher chlorophyll concentrations (Fig. 2-Al).

4 Discussion Increasing chlorophyll concentrations and GHChl b ra-
tio in beech trees during the mature green leaf period in
4.1 Differences in seasonal and spatial variation of June—August (Fig. 2-Al) reflects physiological acclimatiza-
foliar N concentrations in tree canopies across tion to increased irradiation. Chlorophyil participates di-
the investigated forest stands rectly in the light harvesting reactions of photosynthesis,

while chlorophyllb is an accessory antenna pigment acting

Foliar N concentrations in beech trees decreased during thidirectly in photosynthesis by transferring the absorbed en-
spring as the leaves expanded and increased in dry matt@dy to chlorophylla. As the irradiation increases less an-
weight over only a few weeks. During this phase, the leaf Ntenna pigment is required, leading to increasing &l b

was diluted by the build-up of C rich leaf structural material. ratio. Conversely, during senescence when chlorophyll is de-
Thereafter, the N concentrations remained constant until th@raded and N remobilised, the core components of the photo-
onset of senescence, when N became remobilised from thgystem seem to be more rapidly degraded leading to a sharp
leaves to perennial woody parts, leading to a rapid decreaseeduction of the Chii/Chl b ratio (Fig. 2).

in both the N concentrations and chlorophyll concentrations The evergreen coniferous trees showed much smaller sea-
(Figs. 3-Al and 2-A1; see also Bauer et al., 1997; Millard andsonal changes in N pools, including N concentration, tissue
Grelet, 2010). The intensive N re-translocation is necessarf\H3 and chiorophyll concentrations compared to the de-
to conserve N for leaf establishment in spring independentlyciduous beech trees (Figs. 2, 3 and 4). The analysed needle
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samples included both current year needles and needles from o |

previous years, which may have dampened seasonal changes - Intercept = 0.64 (p=2.3x10 ")

in N pools in our observations. Minor differences between N e Lafoivell !

concentrations in different age classes of Douglas fir have™ s « | QYR

previously been observed at the Dutch site, older needles £ ©

having slightly higher N values than young needles, as was FS@Fs. ops

also the case for sunlit compared to shade needles (Ev- § «

ers et al., 1991). Slightly higher N concentrations in older £ S

needles compared to current year needles was later con 2 Rg.E Bs.¥

firmed by Boxman et al. (1995) and Koopmans et al. (1997). 2 « 0s.0 O T -

Similar differences between N concentration in young and § o Csgg.o Prg;l)hlo &C\@tﬁéﬁgj

old needles also occurred in other conifer species (Chapin @ Q0.0 'Ppady O

and Kedrowski, 1983; Hatcher, 1990; Gebauer and Schulze. 8 : Tb.Ow

1991; Thomas and Mead, 1992). These changes in N con- @ o |2 [0s, o o00s) Picad>

centration reflect that N stored in older needles becomes = 223?&%908@41991)

remobilised to newly emerging and regrowing old needles o | ® Reichetal (1995)

(Millard and Grelet, 2010). o f Nasholm §1994) ‘ ‘ ‘ ‘ ‘
Evergreen conifers in boreal forests such as the Finnish 0 1 2 3 4 5 6

site in the present work have evolved a conservative mecha-
nism of nutrient turnover in order to cope with the relatively
infertile soil conditions (Chabot and Hicks, 1982; Givnish, Fig. 5. Relationship between N re-translocation efficiency and time
2002). Their needles are persistent and serve as significamieeded for complete foliage canopy renewal in the present and other
storage organs for carbohydrate and nutrients such as Ntudies. Abbreviated plant tax&:g.: Bellucia grossularioide<C.s.:

This storage reservoir can effectively buffer plant require- Clidemia serice, Cabari: Cabari, F.s.: Fagus sylvatica, l.a.. llex
ments when nutrients are not available for uptake from theaquifolium, L.d.: Larix decidua, L.h.: Licania heteromorpha, O.c.:
soil under adverse conditions. Storage forms of N, e.g. vegOcotea costulata, P.h.: Pinus halepensis, P.pa.: Pinus pinea, P.pr.
etative storage proteins, are under these conditions Corflnus pinaster, P.r.: Pinus resinosa, P.s.: Pinus sylvestris, P.s.: Pinus

verted to more metabolically active forms, thereby maintain-S"OPUS: Pic-a.: Picea abies, Pr.sp.. Protium sp., Ps.m.: Pseudot-
suga menziesii, Q.c.: Quercus coccifera, Q.ro.: Quercus rotundifo-

ing an overall relatively stable N status (Fig. 3-B1, see aIsol. i . ,
. o ia, Q.ru.: Quercus rubra, Q.s.: Quercus suber, T.b.: Taxus baccata,
Chabot and Hicks, 1982; Millard and Grelet, 2010). The re'andV.j.: Vismia japurensisThe canopy renewal time faP.s. nee-

translocation of N in Scots pine needles in Finland has beenyjes in Nasholm (1994) was assumed to be the same as thatfor
estimated to be around 73 % (Helmisaari, 1992). Across an Escudero and Mediavilla (2003).

number of evergreen shrubs and trees, the N re-translocation

efficiency was on average reported to be 50 % (Aerts, 1996;

Santa-Regina and Tarazona, 2001; see Fig. 5). year. In conifer canopies, leaves live longer and thus their rel-
The higher plasticity of the N content and chlorophyll con- ative position in the crown can change due to growth of new
centration in beech, even after full leaf development, com-pranches in the top. Nitrogen economy can lead to transient
pared to the coniferous trees supported our initial hypothesighysiological modification and to transient shading, but nee-
that the short-lived leaves in deciduous canopies are morg|je structures stay more or less the same. This might set lim-
flexible in adjusting their functioning according to the sea- jts on shade modification in dense growing conifer canopies
sonaIIy changing weather conditions. The higher degree Of:ompared to deciduous Canopies.
shade modification in beech leaves (50 % reduced N content
per unit area in shade leaves) as compared to the conifed.2 Seasonal variations in bulk tissud’
ous canopies shows that beech trees can account for vertical
gradients in radiation comparably closely. There were alscA useful temperature-normalized parameter for evaluation
differences between the evergreen canopies: the fir canopgnd modelling of NH exchange between plant leaves and the
showed significant shade modification (30 %), the pine for-atmosphere is the apoplasiicvalue (Capo), Which is equal
est did not. It is obvious that the highgr, of the fir canopy  to the ratio between [NE|] and [H*] in the leaf apoplas-
leads to stronger extinction of photosynthetically active radi-tic solution (Nemitz et al., 2000; Mattsson and Schjoer-
ation as compared to the pine forest and, consequently, shadig, 2002; Massad et al., 2010; Zhang et al., 2010). In the
modification is necessary to maintain productive needles irpresent work it was not possible to obtain apoplastic pa-
the dark canopy zones. With regard to shade modificationrameters. Instead, the ratio between bulk tissue concentra-
the leaf habit is important for the leaf structural development.tions of NI—Q and H" was measured. There are indications
In deciduous canopies, leaves can develop according to thehat bulk tissue values may be important bioindicators for N
local conditions which may vary little over the course of a turnover processes, particularly during incipient senescence

Time of canopy renewal, yrs
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where the tissue concentration of Q]I-ﬁnay increase in par- ther expanding or started to senesce thejl\ddncentration
allel in both leaf tissue and apoplastic solution (Mattsson andncreased in response to the biochemical reactions involved
Schjoerring, 2003). There is also evidence that bulk leaf lit-in the N turnover (Fig. 4; Schjoerring et al., 2000; Britto
ter NI—E{ and H™ concentrations in senescent tissues may beand Kronzucker, 2002). However, thgyx values were even
more important for the Nklexchange than the correspond- lower during these periods, because the bulk tissue pH values
ing apoplastic concentrations (Husted et al., 2000; Nemitz etlecreased rapidly (Fig. 4). This pH drop can be interpreted as
al., 2000). Bulk tissue values therefore still have some rele-a so far unconsidered physiological N conservation mecha-
vance for characterization of nitrogen pools and their relationnism in beech leaves counteracting gaseous Mdkkes. The
to overall nitrogen dynamics during the growth season. discussion of the relationships between cellular N transfor-
The largest bulk tissuE values (Cpyik) were 500 in beech  mations and proton production/consumption is beyond the
leaves, while in most casdy,k values in Douglas fir and scope of this article.
Scots pine needles remained below 75 and 40, respectively
(Fig. 4). Obviously, the relative differences between the three4.3 Other effects than N re-translocation that might
canopies were not directly related to the atmospherig NH have been contributed to decreasing N contents in
concentration or the dry deposition of total inorganic N at the leaves and needles
three sites, which on average were 3.9, 1.3 and 0.1 pg NH
Nm~3 or 30, 15 and 4kg N hat yr— at the Dutch Douglas In agreement with many other studies, we interpreted the
fir site, the Danish beech forest site and the Finish Scots pinstrong reduction in leaf N content as N re-translocation (May
site, respectively (see Sect. 2.1). Such a relationship woulénd Killingbeck, 1992; Killingbeck, 1996; Escudero et al.,
not be anticipated because tissue}\ltelations are affected 2003), while we neglected NfHemission and N leaching
by a range of species-dependent physiological processes ifitom senescing leaves and needles as factors involved in N
volved in N uptake and N turnover in the leaves (Schjoerringcontent reduction. As explained above, the contribution of
et al., 2000). Rather than differences in atmospheric concenNH3 emission to the N loss in the leaves and needles during
trations, thel'pyk values therefore reflect foliage N status, senescence could be excluded, because the measured bulk
in agreement with that beech leaves had the highest N cortissueI" values were too small to build up a sufficiently
centration per unit leaf mass, followed by Douglas fir and high NHs partial pressure in the leaves. Possible leaching
Scots pine (Fig. 3). Th&puk values measured in the three losses from fallen leaves or needles were minimised by fast
tree species were in all cases much lower than those mesampling and analysis, while leaching losses from senescing
sured previously in grass species (Kruit et al., 2007; David efeaves or needles in the canopies were not investigated. If
al., 2009; Mattsson et al., 2009). leaching was a substantial process, it would cause a strong N
The question is to what an exteRg,k can be used as a enrichment in the rain underneath the canopy. However, such
proxy for the NH exchange potential of plant leaves. For enrichment was not recorded in e.g. the beech forest where
the coniferous species, tHa,,x values were considerably canopy throughfall measurements in 1998-1999 showed that
lower than previously reporteHapo values as reviewed by the annual sum of throughfall N on average was 0.66 gRm
Zhang et al. (2010). A clear seasonal trend’ik values  with monthly rates during September and October ranging
was not observed for the coniferous species in the preserietween 0.02 and 0.25g NTh (Beier et al., 2001). This
work (Fig. 4). In contrastl"apo values in Scots pine needles amount of N only constituted approx. 6 % of the estimated
in a mixed coniferous forest subjected to high N depositionN re-translocation measured over one to two months in our
were relatively high (3300) during spring and declined to study. We cannot entirely exclude effects of N leaching or
1375 during the summer/autumn (Neirynck and CeulemansNH3 volatilisation from senescing leaves, but given these
2008). The difference in seasonal variations betwEgik considerations the contribution would very likely be small.
andTape may reflect that NEJ and H" concentrations are
better regulated in the bulk tissue than in the apoplastic solu4.4 Relationships between nitrogen cycling, leaf habit
tion. In beech leaved;,k was very low during leaf devel- and N status of the ecosystem
opment, increased during the mature green leaf period, and
declined again during leaf senescence (Fig. 4). This patter¥Ve expected that producing every year an entirely new
did not match the results derived from the pux measure- ~ canopy or not should have large implications for N cycling
ment, showing the lowest Nfemission during the green leaf in forest trees and ecosystems and thus expected that the leaf
period (Wang et al., 2011). Further gas exchange measurdiabit, deciduous vs. evergreen, would be a major determi-
ment and bioassays of the apoplastic solution in coniferougiant for the internal N turnover in forest ecosystems. The
needles are needed to evaluate the possibility of substitutingboveground litter production is a dominant component of

I"apo With the simplemyyik value. the ecosystem internal N cycle, and as long as N is cycling
The strong seasonality of the IjHoncentration in beech ~ within the trees it is protected against lossés leaching
leaves points to a surprising relationship betw&ggy val- (NO3), volatilisation (NO, NO, Nz, NH3) and soil immo-

ues and N re-translocation. In phases when leaves were ebilisation (NH;{ fixation or formation of stable N containing
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soil organic matter compounds). Trees can and do controiment of a larger and more fertile canopy in the Douglas fir
how much N that will cycle in the ecosystem and how much stand. The effective N re-translocation in the boreal pine for-
that will be stored within the trees. Our results show that theest supports a possible distinction between N scarce and N
investigated deciduous forest supplied the ecosystem internalch evergreen ecosystems, leading to a more strict N econ-
N cycle with only 1.8gNm2yr—1 through leaf litter pro-  omy, i. e. reduced ecosystem internal N cycling as our initial
duction compared to 5.8 g NTAyr—1 in the temperate ever- hypothesis stated.
green Douglas fir forest (Table 2), pointing to strong differ- Summarising the results from this study, we show that
ences between trees with different leaf habit. However, ourforests can realise very different mechanisms to keep N
results also show that evergreen is not evergreen, because thasses in foliage litter production low: (i) increased N re-
N flux in needle litter in the boreal pine forest, 0.8gN®n translocation efficiency, (ii) increased leaf longevity, and
yr~1 (Table 2), only constituted 14 % of that of the temperate (iii) decreased canopy nitrogen content. Despite having the
Douglas fir stand. The key difference between the two conif-shortest leaf longevity and highest leaf N concentration per
erous forest canopies was the canopy summer N contgnt (N unit dry matter, the beech canopy reduced the N losses via
which was 3.4 times larger in the temperate Douglas fir standeaf litter production with very efficient N re-translocation
than in the boreal pine stand (Table 2). The N re-translocatiorand established only a small amount of leaf mass with a small
per unit leaf area of the pine trees reached the same effiN content per unit ground. Compared to the beech stand, the
ciency as that of the deciduous forest (ca. 70 %), whereas thh scarce boreal pine forest carried an over twice as high
Douglas fir stand had a re-translocation efficiency of onlyfoliage mass, which was renewed on average every 2.7 yr
37 %, meaning that it relocated only 53 % as efficiently aswith a very low N concentration per unit dry matter and a
the two other species (Table 2). Inclusion of data on the Nlow canopy N content. Together with equally efficient N re-
re-translocation efficiency from previously published studiestranslocation, the N losses to the soil via foliage litter pro-
(Staaf, 1982; Son and Gover, 1991astholm et al., 1994; duction were lowest in the boreal pine forest. The temperate
Reich et al., 1995; Escudero and Mediavilla, 2003) revealed\-rich Douglas fir stand had a fairly high foliar N concentra-
that the longer the needles stayed green, the lower the N rdion, established the by far highest foliage mass and canopy
translocation efficiencyng) was (Fig. 5). This can be inter- N content, and had the lowest N re-translocation efficiency.
preted as a functional adaptation against N losses in treeShe only mechanism that kept the foliage N in the Douglas
with short-living leaves or needles, i.e. frequent need forfir trees was the longevity of the needles
canopy renewal. Despite large variability especially between Mechanistic models that aim to represent the dynamics
temperate vs. Mediterranean deciduous trees, the data stidif carbon and N pools and budgets need to include these
showed a general significant linear decrease,iwith in- factors and their relative contribution to conserve the N in
creasing canopy renewal time (7 % less N re-translocated peforest trees. In general, the N dynamics modules require in-
year the canopy stayed longer; Fig. 5). A simple distinctionformation about the N supply in the soil, N uptake demand
between deciduous and evergreen mode is thus not suffief the trees, N losses and also the N re-translocation be-
cient to generalise N re-translocation efficiencies. The leaffore litter fall, e.g. Jansson and Karlberg (2004) and Zhang
habit is one factor among others. The two coniferous siteset al. (2006), wherey; , i.e. the N re-translocation effi-
showed that the canopy needle mass and its N content musiency, is a necessary input parameter. For realistic mod-
be taken into account together with differences in the wayelling, the canopy specific differences and possible interac-
the evergreen forests renew their canopies and save N via réions between N status and N re-translocation need to be
translocation. The results from the three forest sites suggegsaiken into account. The indicated relationship betwgen
that some of these processes are not independent from eaelmd canopy renewal time might help to describe systematic
other; the efficiency with which the N is re-translocated be- variation inn, across forests.
fore leaf fall (r) and the time needed to renew the canopy,
mainly determined by leaf longevity, were related. Because
of species specific differences, we recommend investigatingg Conclusions
the relationship between and canopy renewal time with a
larger data set of forests and possibly by inclusion of otherLeaf N pools showed clear seasonal changes in beech
natural and semi-natural systems. trees while remaining relatively constant in the evergreen
Another explanation for the observed differences in N re-canopies, i.e. Douglas fir and Scots pine. The ratio between
translocation efficiencies could be that the high N availabil- bulk tissue concentrations of Wand HY) (Tbuik) did not
ity at the Douglas fir site might have led to the reduced Ndirectly relate to the atmospheric NHoncentrations or N
re-translocation, because, for example, tree internal buffersleposition loads at the three sites, but it reflected plant N
for N reserves were already filled. The canopy N content re-status. This is in agreement with the fact that beech leaves
flects the N status of the system. Higher air concentrationshad the highest N concentration, followed by Douglas fir
of reactive N compounds (e.g. NiHand N deposition loads and Scots pine. Irrespectively of the leaf habit, all investi-
together with a more productive climate enable the establishgated trees retained the majority of the canopy foliage N in

Biogeosciences, 10, 999611, 2013 www.biogeosciences.net/10/999/2013/



L. Wang et al.: Interactions between leaf nitrogen status and longevity 1009

the trees. This was done through effective N re-translocatiorChabot, B. F. and Hicks, D. J.: The ecology of leaf life span, Annu.
(beech), higher foliage longevity (fir) or both (boreal pine  Rev. Ecol. Systemat., 13, 229-259, 1982.
forest). A simple generalisation of the mechanisms of theChapin, F. S. and Kedrowski, R. A.: Seasonal changes in nitro-
tree internal N cycling based on the leaf habit could not be 9€n and phosphprus fract.ions and autumn retranslocation in ev-
made; the differences between the two investigated evergreen ©dréen and deciduous taiga trees, Ecology, 64, 376-391, 1983.
forests were as large as those measured relative to the decia—az'd’N"e/lr';]it"zoué’etéihece;'erF'{iZHOM:;tSZ?:;’ S'\fJ‘t'tOSnChli/?eX'.ni'mJ'
gggi?jﬁgzgpcyénifgféznélﬂ\tl (r:(aarirzvss(l)otf:t:‘zﬁr:z ri]r?ttLeeStlilljitri?t(ta?j monia sources ar_ld sinks in an intensi_Yer managed grassland
. ~'=¥  canopy, Biogeosciences, 6, 1903—-19d6i;10.5194/bg-6-1903-
forests, which released the lowest amount of N to the soil via  >00q 2009.
foliage litter and to ecosystem internal cycling in this study. Escudero, A., Iriondo, J. M., and Torres, M. E.: Spatial analysis of
Apart from the efficiency of N re-translocation, the amount  genetic diversity as a tool for plant conservation, Biol. Conser-
of N in the canopy and the fraction of annual leaf renewal vat., 113, 351-365, 2003.
are important determinants for the N turnover in trees and thé=scudero, A. and Mediavilla, S.: Decline in photosynthetic nitrogen
contribution of N uptake from and release to the ecosystem use efficiency with leaf age and nitrogen resorption as determi-
internal N cycle. Our results indicate that there may be a gen- nants of leaf life span, J. Ecol., 91, 880-889, 2003.
eral relationship of decreasing N re-translocation efficiency=Vers: P- W., Jans, W. W. P., and Steinger, E. G.: Impact of
with the time needed for canopy renewal, i.e. leaves that live 2" Pollution on ecophysiological relations in two Douglas fir
longer re-translocate relatively less N during senescence. In stands in the Netherlands. De Dorschkamp, Research Institute for

] . . . . Forestry and Urban Ecology, Wageningen, Rep. no. 637, 306 pp.,
the stand with the highest atmospheric N deposition, i.e. the 1gq1 y gy, Yiagening P PP

Douglas fir stand, the canopy N content and the flux rate ofgao. Global forest resources assessment 2005. Progress towards
N in foliage litter production was largest, leading to higher  systainable forest management, FAO Forestry paper 147, 11-36,
turnover in the ecosystem N cycle and implying higher risks  2006.
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